ABSTRACT
INTRODUCTION

21
Porosity and permeability generally decrease with increasing depth of burial in sandstones, 22 although a significant number of deeply buried sandstone reservoirs have unusually high 23 porosity and permeability (Bloch et al. 2002) . Such anomalously high porosity and 
27
The term clay coat encompasses both detrital and diagenetic origins (Ajdukiewicz and Larese 28 2012). Detrital-clay coated grains occur at or near the surface of the sediment, and are the 29 primary focus of this study.
30
Diagenetic clay coats either develop from the thermally-driven recrystallization of low-31 temperature, detrital precursor clay coats or they grow in situ due to the authigenic alteration 
34
Chlorite and illite clay coatings are considered to preserve reservoir quality by reducing the 35 nucleation area on detrital quartz grains that is available for authigenic quartz cementation 36 (Ehrenberg 1993; Pittman et al. 1992 ). Porosity can be at least 10 % higher than expected 37 where grain-coating clays are abundant (Ehrenberg 1993) . Experiments undertaken by there is a need to focus on the origin and spatial distribution of detrital-clay coated grains 81 since clay coats inhibit quartz cement in deeply buried sandstones (Bloch et al. 2002) 
82
Anomalously high porosity has also been shown to derive from other possesses such as early 83 oil charge, over pressure and microquartz coatings (Bloch et al. 2002) .
84
The four main ways to develop a fundamental understanding of primary sedimentary 85 environment and mineral distribution, and thus the processes that lead to clay coats, are: core-86 based studies, outcrop based studies, experimental studies and modern analogue studies.
87
Core based studies have problems of limited spatial resolution of samples (wide spacing 88 between wells and the lack of abundant cores in most fields) and the abiding uncertainty core-based studies. This study addresses the following questions, focussed on the marginal-100 shallow marine Ravenglass Estuary system (Fig. 1) part of the estuary connected by a single channel to the Irish Sea (Bousher 1999) (Fig. 1) .
117
Ravenglass sediment is quartz-dominated (Daneshvar 2011; Daneshvar and Worden 2016) 118 with depositional environments translatable to marginal-shallow marine petroleum reservoirs.
119
Ravenglass is a modern analogue equivalent to the environment of deposition for many 120 ancient and deeply buried, chlorite-coated sandstone reservoirs such as the tidally-influenced,
121
shallow marine-deltaic Tilje Formation, Norway (Ehrenberg 1993) , braid delta margin with 122 foreshore and shoreface deposits Garn Formation, Norway (Storvoll et al. 2002) , and 123 shallow-marine to deltaic Lower Vicksburg Formation, USA (Grigsby 2001 ).
124
The 5.6 km² estuary has a maximum tidal range of 7.55 m and is 86% intertidal (Bousher 
145
MATERIALS AND METHODS
146
Field-Based Mapping of the Estuary
147
The estuary was initially mapped by identifying each depositional environment via world 148 imagery and Google Earth. Extensive field mapping and sampling of all geomorphological 149 elements enabled ground-truthing of mapped depositional elements and interpolation using 150 ArcGIS. Tidal flats were further subdivided using the scheme proposed by Dyer (1979) , 2) Less than half of the grains have a small (~ 1-5 %) surface area of attached clay coats.
186
3) Every grain exhibits at least ~ 5-15 % surface area of attached clay coats. Classification of the clay fraction (<2 µm) mineralogy was undertaken by X-ray diffraction 220 analysis (XRD). The clay sized fraction was detached from framework grains using an 221 ultrasonic bath and isolated using centrifuge settling, at 5000 rpm for 10 minutes. The 222 separated clay fraction was dried at 60 degrees and scanned as a randomly orientated powder, 223 using a PANalytical X'Pert Pro MPD X-ray diffractometer. XRD analysis was carried out 224 for the same samples that were mineralogy mapped through (SEM-EDS) analysis.
225
RESULTS
226
Surface Sedimentary Characteristics and Distribution of Biological Activity
227
Sedimentary environments were identified in the field, with further subdivision of the tidal 228 flats based upon the lab-derived clay fraction data sets into sand-flat, muddy sand-flat and 229 sandy mud-flat (Fig. 1) .
230
High resolution, spatial distribution maps of sediment grain size reveal a wide range of mean 231 grain sizes, from very fine to coarse sand sized sediment (Fig. 3A) . There is a large scale 232 trend of decreasing grain size away from the ocean, and smaller scale patterns of decreasing 233 grain size with increasing distance from the main ebb channel, towards the tidal limit (Fig.   234 3A).
235
A heterogeneous distribution of lugworms occurs in the estuary, as denoted by the widely 236 varying lugworm cast density (Fig. 3C ). The lugworm density at the sediment surface is 1 and 3C ). Comparing the sediment grain size map (Fig. 3A) to the 241 lugworm population map (Fig. 3B) suggests that well-developed lugworm populations tend to 242 be confined predominantly to the inner estuary where the sediment grain size tends to be 243 between 88 and 177 μm.
244
The percentage sediment clay fraction data have been split into eight classes (Fig. 3B ).
245
Samples that contain > 1.5 % clay fraction are confined to the inner estuary. Samples that and kaolinite (21 % of the clay fraction) expressing similar values. (Fig.4) .
255
Characteristics of Detrital-clay coats
256
The observed detrital-clay coated grains are generally characterised by thin and discontinuous Detrital-clay coats occur with a variety of morphologies (Fig. 5) . Here, we have grouped the 275 samples into three principle morphological classes: ridged, bridged and clumped (Fig. 6) . (Fig. 6B) .
285
Clumped clay coats are highly variable both in extent and thickness ( Fig. 5 and 6C ). 
290
Spatial Distribution of Detrital-Clay Coated Grains
291
There is a high degree of variability in the distribution of detrital-clay coated grains, although 292 most outer estuary sediment exhibits no more than minor attached clay coats (Fig. 8) . The fine sand grain size dominated sediment (e.g. compare Fig. 8 to Fig 3A) .
319
The samples from foreshore, ebb delta, tidal inlet and eolian dune depositional environments corresponds to sediment with 10% clay fraction (Fig. 10) . The coverage of clay coats does 331 not seem to simply relate to lugworm density with the two highest clay coat classes found in 332 association with low lugworm densities (Fig. 10) .
333
Detrital-clay coats vary systematically within a given depositional environment (Fig. 9) .
334
Extensive detrital-clay coated grains are observed within the inner estuary tidal depositional 335 environments, and they increase in extent towards the upper tidal limit (Figs. 8 and 9 ). assemblages of the outer sand tidal flat, foreshore, ebb delta and eolian dune environments.
341
DISCUSSION
342
Origin of Detrital-clay coat Textures
343
The internal fabric and outer morphology of clay coats in deeply buried reservoir have been 
349
The clay coats from the Ravenglass Estuary, described here, are therefore analogues for the 350 inner layer of clay coats reported from deeply buried reservoirs.
351
The observed ridged and bridged textures within this study (Fig. 6A, B 
370
Clumped clay coat textures, that are comparable to those illustrated in this study (Fig. 6C) , 
384
Origin of detrital-clay coat mineralogy: internal or external to the estuary?
385
The illite-dominated, mixed mineralogy of the clay-coated sand grains, determined by 386 spatially-resolved SEM-EDS (Fig. 7) , is consistent with the clay fraction mineralogy 387 identified by XRD (Fig. 4) . Had the clay coats formed in the hinterland, a much more varied 388 clay-coat mineralogy would be expected than revealed by micro-studies using SEM-EDS and 389 bulk-studies using XRD. Therefore, the observation that the clay coat mineralogy reflects the 390 bulk clay mineralogy of the estuary implies that the clay coats were formed in the estuary 391 itself rather than in the hinterland.
392
Detrital-Clay Coat Distribution and Origin
393
It has been reported that the primary depositional environment of a clastic sediment exerts a 
Comparison of Clay Coats in Ravenglass to Modern Estuary Studies
403
In the Ravenglass marginal-shallow marine system, the most extensive detrital-clay coated 
Comparison of Ravenglass Clay Coats to Ancient, Deeply Buried Clastic
417
Sediment
418
Reservoir studies, based on cored wells and interpretation of primary depositional 419 environments, tend to be hampered by a lack of high resolution facies interpretation and 420 relatively poor definition of the spatial and stratigraphic distribution of clay coated grains.
421
To date, there is no published subsurface reservoir dataset that compares to the high spatial 422 resolution and the complete certainty of the depositional environment used in this modern 423 analogue study.
424
Although morphologically dissimilar, occurring as discontinuous clumps and ridges, broad is broadly similar to the mixed mineralogy of the detrital-clay coats in Ravenglass (Fig. 7 ) .
431
In the Upper Carboniferous submarine-fan and marine slope facies of the Arkoma Formation,
432
USA it has been reported that muddy clay coated grain facies offer the best reservoir quality 433 prospects compared to the well-sorted, clean sandstones (with little or no dispersed clays).
434
(Houseknecht 1992). In the Arkoma Formation, amalgamated sandstone units contain beds is different, the Arkoma example illustrates that a small quantity of clay that is co-deposited 439 with sand can lead to improved reservoir quality.
440
CONTROLS ON THE FORMATION AND DISTRIBUTION OF
441
DETRITAL-CLAY COATS
442
In this study, we have produced a high resolution, modern analogue data set and established and detrital-clay coat sand grain coverage in these sand-dominated sediments. but not blocking pore throats).
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